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Production of liquid fuels is a high national priority to provide transporation fuels.
Production of liquid bio-fuels from biomass has been idenfied as a viable goal over the
next decades. Fast pyrolysis is the rapid thermal degradation of lignocellulosic biomass in
the absence of oxygen. Levoglucosan, which can be hydrolyzed and fermented into
bio-ethanol, is produced during the pyrolysis process of the cellulose contained in
biomass. Pure cellulose results in the production of levoglucosan of more than 50% by
feedstock weight while woody biomass typically produces about 3% during pyrolysis.
Researchers have performed significant research into methods to increase yields of
levoglucosan and other associated anhydrosugars during pyrolysis. Most research has
focused on mild acid pretreatment of biomass feedstocks prior to pyrolysis. Such
treatment demineralizes and removes hemicellulose that appears to hinder the production
of levoglucosan during pyrolysis. The objective of this study is to move beyond simple
acid pretreatment to increase pyrolytic anhydrosugars yields during fast pyrolysis.
Key words: bio-fuel, pyrolysis, levoglucosan, anhydrosugars, lignocellulosic biomass.
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CHAPTER
INTRODUCTION

Production of liquid transportation fuels is a high national priority. Production of
liquid bio-fuels from biomass has been idenfied as a viable goal over the next decades.
Several biofuels routes to production of liquid fuels have been developed over the years,
mainly including gasification of biomass to syngas for conversion to synthetic diesel fuel,
pyrolysis of biomass to bio-oils, direct liquefaction, conversion of plant oils to biodiesel,
and release of sugars for fermentation to ethanol (Bin Yang et al. 2008).
For production of fermentable sugars from biomass, pretreatment operations are
essential to the process and these have a very important impact on costs and performance
of the entire system. Because there are various pretreatment technologies that have been
developed, the specific choice of pretreatment should be targeted for low-cost, low
environmental impact, and advanced pretreatment processes for producing high sugars
yields. Current cellulosic ethanol processes require extensive washing, treatment of
chemical waste, and specialized pressurized and corrosion resistant reactors.
An economic analysis of three lignocellulose-to-ethanol conversion technologies:
fast pyrolysis integrated with a fermentation step, simultaneous saccharification and
fermentation (SSF), dilute sulfuric acid hydrolysis and fermentation was conducted by So
and Brown (1999). The estimated production cost of ethanol was $1.57, $1.28, and $1.35
1

per gallon for fast paralysis, SSF, and acid hydrolysis, respectively. An ethanol
production yield of 95 gal/ ton feedstock (DM) was estimated for the fast pyrolysis route.
This study concluded that fast pyrolysis integrated with a fermentation step is
comparable with the other two processes and suggested that it should be considered for
further development (So and Brown 1999).
Fast pyrolysis is the rapid thermal degradation of lignocellulosic biomass in the
absence of oxygen. The pyrolysis process results in the production of a liquid product
termed pyrolysis oil, or more frequently, bio-oil. Typical liquid bio-oil yield is 65 to 70%;
Byproducts are approximately 20% char and 15% noncondensable gases. Levoglucosan
is produced during the pyrolysis process of the cellulose contained in biomass. Pure
cellulose results in the production of more than 50% by feedstock weight while woody
biomass typically produces about 3% during pyrolysis. Researchers have shown that
inhibitors contained in the non-cellulosic component of lignocellulosic biomass reduce
the production of levoglucosan during fast pyrolysis.
Researchers have performed significant research into methods to increase yields
of levoglucosan and other associated anhydrosugars during pyrolysis. They have also
speculated on the basic chemical mechanisms that underlie the formation of levoglucosan
during pyrolysis. There has been some success in both increasing levoglucosan yields via
hydrolysis or demineralizing pretreatments and some of the hypotheses put forward
appear to be partial explanations as to the true chemical reactions that result in
levoglucosan formation during pyrolysis. Most research has focused on mild acid
pretreatment of biomass feedstocks prior to pyrolysis. Such treatment demineralizes or
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removes hemicellulose that appears to hinder the production of levoglucosan during
pyrolysis.
The objective of this research was to move beyond simple acid pretreatment to
increase pyrolytic anhydrosugars production and to remove additional barriers to further
increasing yields. Dilute acid pretreatment is expected to be more effective when assisted
by ultrasonic energy and by using smaller particle size of biomass because these
improvements can increase the surface area of feestock particle that may be attacked by
the acid catalyst. Feedstock surface area is expected to be increased by reducing particle
size prior to pretreatment or by opening up the given particle size by treatments that may
fractionate it to open up available surface area.
Therefore, the key objective is to increase the efficacy of the acid pretreatment
step that has been proven successful by previous researchers. Efficacy is expected to be
attempted by increasing access of acid catalyst to the feedstock cellular structure by
application of ultrasonic technique to increase the intensity of acid/biomass interaction as
well as to increase the initiate greater activity of the acid as it interacts with the feedstock
material.

3

CHAPTER II
PY-GC/MS STUDY OF THE CHEMICAL PRODUCTS FROM FAST PYROLYSIS OF
DILUTE ACID PRETREATED LIGNOCELLULOSIC BIOMASS

2.1. Background

2.1.1. Biomass Thermal Conversion by Fast Pyrolysis
Fast pyrolysis produces a liquid product known as pyrolysis oil or bio-oil. The
required pyrolysis conditions for fast pyrolysis are rapid application of a temperature of
400 to 650°C and the absence of oxygen. This temperature range results in the
decomposition of the biomass cell structure into their molecular components. At these
moderate temperatures a fraction of biomass is converted to approximately 10 to 15%
syngas by pyrolysis but the majority is converted to pyrolysis oil (60 to 75%) or char
(15%). Bio-oil chemical properties vary with the feedstock type pyrolyzed but woody
biomass typically produces a mixture of 30-percent water, 30-percent phenolics,
20-percent aldehydes and ketones, 15-percent alcohols and 10-percent miscellaneous
compounds (Bridgewater et al. 1999).
Commercial pyrolysis reactors obtain most of the heat for their energy-intensive
process from the byproducts of bio-oil production. Some of the 15% char and 10%
syngas generated during pyrolysis are typically combusted to provide the heat energy
4

required to dry biomass and for production of pyrolysis heat. Biomass is typically dried
to the approximate 10% moisture content level needed for pyrolysis. This moisture
content level results in 20-30% water production in the bio-oil. Biomass moisture
contents above approximately 10% will produce bio-oils containing prohibitively high
water content values. Pyrolyis exit gas is composed of CO2, CO, CH4, and small amounts
of hydrogen and oxygen. All but CO2 are available to combust to produce heat and this is
the typical practice for providing additional energy for pyrolysis reactor heating.
Rapid decomposition of the biomass (< 2 sec residence time) is required to
produce maximum liquid yields. Heating rate is usually from 600°C/sec to 10,000°C/sec.
The rapidity of the thermal biomass decomposition results in the production of a
condensate that is not at thermodynamic equilibrium at normal storage temperatures
(Diebold 2000). Bio-oil viscosity increases over time, as the many chemical compounds
comprising the stored bio-oil chemically interact in various ways to move toward
thermodynamic equilibrium. Increased molecular weight resulting from these reactions is
the main causative agent in the viscosity increase over time (Scahill et al. 1997).
A major factor initiating the reactions toward increased bio-oil viscosity is the
reactivity of the numerous oxygenated compounds responsible for the fact that the mass
of a typical bio-oil is comprised of up to 45% by weight of oxygen. In addition to
variable viscosity over time bio-oil has other negative properties that have hindered
conversion into bio-fuels. Bio-oil pH is low, ranging from about 2.5 to 3.1. Higher
heating value (HHV) is relatively low at less than one-half the value of No. 2 fuel oil or
40% of the value of petroleum diesel.
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Considerable research has been performed to apply various treatments to use raw
bio-oil as a bio-fuel without upgrading. Czernik and Bridgewater (2005) have provided a
recent review of these attempts to use raw bio-oil as a fuel. They discuss attempts at
furnace and burner/boiler systems but conclude that “better quality bio-oil available at an
attractive price is necessary for commercial, large-scale, applications.” The authors also
describe tests with raw bio-oil to fuel diesel engines, turbines and Stirling engines. Their
conclusion following their review of past and current attempts to utilize raw bio-oil as a
fuel is that some method of upgrading will be required to allow it to be utilized.
Pyrolysis yield and product distribution differences have been noted between
experiments conducted with synthetic samples containing cellulose, hemicellulose, and
lignin when compared with natural biomass with varying compositions of these
components (Yang, et al. 2006). At least some of this variance is attributable to the
minerals found in natural biomass, which may act as catalysts and influence the overall
mix of products (Raveendran et al. 1995; Bradbury et al. 1979; Fahm et al. 2007).
Extraneous inorganic materials may also be present due to contamination from soil and
other materials during the collection, handling, and storage of the feedstock.
Studies have reported that the ratios of liquids, gases and chars produced during
pyrolysis vary with higher levels of inorganic species contained in the feedstock. In
general, the levels of char and gas increase and the liquid yield decreases. In the liquid
component inorganics tend to increase the yield of glycolaldehyde and hydroxyacetone
and decrease the anhydrosugars (Richards and Aheng 1991). Recognizing the sensitivity
of the process to the presence of inorganics, researchers determined that pretreatments,
such as acid washing, could impact the pyrolysis product distribution by altering the
6

feedstock material structure and composition (Piskorz et al. 1989; Dobele et al. 2003;
Shurong et al. 2007).
The heat and mass transfer requirements for performance of fast pyrolysis are
strongly influenced by the nature of the lignocellulosic biomass and chars. At the particle
level, the thermal degradation process can be described as: (1) heat penetration within the
particle by conduction through the gas phase and the solid matrix and radiation; (2)
vaporation of water and partial recondensation in the colder parts of the particle not
accessed by the temperature front; (3) transport of water through the particle to the outer
surface by convection and/or diffusion; (4) thermal degradation of the cellulosic and
ligno-materials and production of vapors and chars; (5) transport of vapors to the outer
surface through the char layer by convection and diffusion; (6) cracking of vapors in the
char layer to other types of gases and char (Blasi 2002; Janxe et al. 2000; Willner and
Brunner 2005). These mechanisms indicate that particle size should have a strong
influence on fast pyrolysis results. Biomass moisture content also has a large influence
on fast pyrolysis. The moisture level of the feedstock produces an increase in the
devolatilization time and also influences char and gas production, the higher heating
value and the water content of the final bio-oil (Dirmibas 2008; Westerhof et al. 2007;
Diego et al. 2002).

2.1.2. Biomass Pretreatment to Increase Anhydrosugars Yield from Fast Pyrolysis
When cellulose is heated to over 300°C, it undergoes various pyrolytic processes
to produce, as a major component in the resultant bio-oil, an anhydrosugar known as
levoglucosan (1,6-anhydro- -D-glucopyranose). Levoglucosan is a dehydrated glucose
7

containing a ketal functional group. Cellubiosan, in addition to levoglucosan, and other
various anhydrosugars are produced in lesser but in addititively significant quantities.
Shafizadeh (1980) analyzed the production of levoglucosan from various
cellulose types from and cottonwood wood fiber. His results were given as percentage
yields of each tested feedstock. At a 400-450°C temperature range the levoglucosan plus
anhydrosugars yield from four pure commercial wood-based cellulose types was 42 to
56%. Yields of levoglucosan from wood, as opposed to pure cellulose, are known to be
much lower. This is demonstrated in the Shafizadeh’s yields of levoglucosan plus
anhydrosugars of 3% for untreated cottonwood fiber and 9% for H2SO4 acid treated
cottonwood fiber. Complete removal of hemicellulose to produce a pure lignocellulose
resulted in 37% yield of levoglucosan plus anhydrosugars.
Shafizadeh’s (1980) results indicated that both wood lignin and hemicellulose
content may potentially interfere with levoglucosan and anhydrosugars yield during
pyrolysis. Pyrolysis of untreated pure holocellulose (lignin removed) gave only a 1%
yield of levoglucosan and anhydrosugars. This indicated that hemicellulose content alone
appears to strongly suppress levoglucosan plus anhydrosugar yield. When the
holocellulose was treated with 1% NaOH and 1% H2SO4 the yield of levoglucosan plus
anhydrosugar increased to 32%. Again, the removal of hemicelluloses, which presumably
occurred due to the base and acid treatments, produced a large increase in levoglucosan
and anhydrosugar yield. These results indicate that presence of hemicellulose rather than
lignin in wood interacts to inhibit levoglucosan and anhydrosugars yields during
pyrolysis.
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Shafizadeh (1980) also showed that a substantial yield of glucose was possible
from the levoglucosan plus anhydrosugars produced from wood treated to remove lignin
and/or hemicelluloses. A glucose yield of 49% was obtained from hydrolysis of
levoglucosan plus anhydrosugars products obtained from Whatman CF 11, Lot A
cellulose. In addition, a glucose yield of 46% was obtained from the hydrolysis (that
presumably removed all hemicellulose content) of the 37% levoglucosan plus
anhydrosugars yield from pyrolyzed cottonwood. These results indicate that obtaining
considerable yield of glucose is possible from the pyrolysis product of wood pretreated to
remove hemicellulose.
A study on the mechanism of the rapid pyrolysis of biomass and cellulose in a
fluidized bed reactor was performed by Piskorz et al. (1986). It was proposed that at
temperatures over about 450°C, and at vapor residence times of one second or less, the
monomer unit of cellulose decomposed preferentially to a two-carbon and a four-carbon
fragment and the two-carbon fragment rearranged to form hydroxyacetaldehyde. It was
also indicated that the cellulose decomposition in wood followed the same path as that of
pure cellulose during fast pyrolysis.
Radlein et al. (1987) pretreated wood and cellulose prior to fast pyrolysis. The
wood or cellulose was pre-hydrolyzed in a batch reactor at 90°C using sulfuric acid
concentrations of 1%, 3% and 5% with reaction times of 6 or 19 hours and liquid to solid
weight ratios of 4:1 or 12:1. HPLC analyzed the composition of the acid hydrolysate and
of the water extract of the pyrolysis oils. It was found that, after a mild hydrolysis,
levoglucosan yield of the pretreated cellulose was sharply increased from 27.0% to 38.4%
of the feed weight when pyrolyzed at 500°C. A large increase in cellobiosan yield (by
9

15.2%) was also observed for both the pretreated cellulose and the pretreated wood. It
was estimated that the change in product distribution was due to the removal of inorganic
cations during the acid treating process but this was not considered to be the only effect.
It was also hypothesized that the morphology and degree of hydrogen bonding in the
cellulose might also affect the composition of the pyrolytic liquids.
Scott et al. (1988) established a process for the production of fermentable sugars
from cellulosic biomass comprising the step of pretreatment with a dilute sulfuric acid to
dissolve hemicellulose and subsequent rapid pyrolysis at a temperature of 400°C to
600°C at atmospheric pressure with a short vapor residence time.
Piskorz et al. (1989) studied fluidized bed fast pyrolysis of poplar wood and a
number of types of cellulose produced by different processes. Piskorz computed yields
based on feedstock weight as the base. Both untreated and treated cellulose and poplar
wood specimens were pyrolyzed at 500°C with vapor residence time of 0.46s. Biomass
was pretreated with mild acid at 5% of H2SO4 at 90°C for 5.5 hours. Levoglucosan and
anhydrosugars were quantified in the resultant bio-oil. Highest yielding cellulose was
Avicel which, when untreated, produced 26.9%

levoglucosan with anhydrosugars

yields at 10.1% cellobiosan, 6.5% glyoxal, and zero 1,6-anhydroglucofurnanose
(1,6-AGF) providing a total levoglucosan plus anhydrosugars yield of 43.5%. Treated
Avicel produced 38.41 levoglucosan and 5.6, 2.1 and 7.0% of the anhydrosugars
cellobiosan, glyoxal and 1, 6-AGF, respectively. Therefore, total levoglucosan and
anhydrosugars yield from treated Avicel was 53.1%.
The yield of levoglucosan from pyrolyzed untreated poplar wood was 3.0%; the
anhydrosugars yields were 1.3% of cellobiosan, 2.43% of 1, 6-AGF, and 2.18% of
10

glyoxal. Therefore, total levoglucosan and anhydrosugars yield was 8.95% for untreated
poplar wood. For treated poplar wood the levoglucosan yield was 30.42% with yields of
5.68, 0.11 and, 4.50, for cellobioan, 1, 6-AGF and glyoxal respectively, for the remaining
anhydrosugars giving a total anhydrosugars yield of 40.61%.
The described results indicate, as previously noted by Shafizadeh (1980), that
hemicellulose presence has a strong suppressing influence on production of levoglucosan
and associated anhydrosugars. This is substantiated by the yield of 43.5% of these
compounds for untreated cellulose, a somewhat higher 53.1% yield for cellulose with
mild acid treatment. In additions untreated poplar wood, which would contain all of its
initial hemicelluloses, produced total levoglucosan plus anhydrosugars yield of only
8.95%. Mild acid treated poplar wood, which would presumably have all or a proportion
of hemicellulose or contained inorganincs decomposed, produced a total yield of
anhydrosugars of 40.61%.
Piskorz et al. (1989) tested milder application of sulfuric acid treatment and
relatively mild application of two mild acid HCl treatments (0.05% HCl) with one of the
mild HCl treatments (0.05% HCl) followed by an additional H2SO4 treatment.
Anhydrosugars yields were measured only in terms of levoglucosan yields. The results of
these treatments indicated that levoglucosan yields from HCl treatments were relatively
low with the lowest yield for the mildest HCl treatment. The highest yields of
levoglucosan were 27.7% and 30.1% for the H2SO4 treatment alone and the H2SO4
treatment following HCl treatment, respectively. The treatment described above for 5%
H2SO4 at 90°C for 5.5 hours provided a levoglucosan yield of 30.42% while the second
H2SO4 treatment was at 5% concentration for 2h treatment at 100°C. It is not surprising
11

that the yield for these treatments of nearly equal severity also has nearly identical yields
of levoglucosan.
Piskorz et al. (1994) studied the effects of operating conditions in a fluidized bed
reactor on anhydrosugar yields from poplar wood which was pre-hydrolyzed by a dilute
acid to remove hemicellulose. It was found that modification of the solids in the bed by
the use of additives had some effect on the composition of gas, liquid, and chars in the
products but did not improve sugar yields.
Various pretreatment processes were investigated by Brown et al. (2000) to
increase the pyrolytic yield of levoglucosan from herbaceous biomass. They further
tested the hypothesis that alkali and alkaline earth metals contained in biomass serve as
catalysts to degrade lignocellulose to char during fast pyrolysis, thereby reducing
anhydrosugars yields. Three biomass pretreatment processes were evaluated in the study:
acid hydrolysis, washing in dilute nitric acid, and washing in dilute nitric acid with the
addition of (NH4)2SO4 as a pyrolytic catalyst. It was found that demineralization by using
dilute nitric acid removed cations from biomass and the acid hydrolysis pretreatment
yielded the highest percentages of anhydrosugars.
Scott et al. (2000) performed a preliminary study of the rates of removal of the
native alkaline cations in a poplar wood by an ion exchange process by pretreatment with
dilute acid. It was found that the exchange process was effective and potassium was more
easily removed than calcium. It was also shown that a major amount of the alkaline
cations from wood was removed by hot water washing alone. It was suggested that the
deionized wood produced by this process could be used as the feed for a fast pyrolysis
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process for thermal conversion of cellulose and hemicellulose to anhydrosugars in good
yields.
Dobele et al. (2001) studied the effect of phosphoric acid pretreatment on the
yield of levoglucosenone from pyrolysis of cellulosic materials. Five types of cellulose,
with differing polymerization degree and crystallinity index were pyrolyzed. It was
established that the yield of levoglucosenone was affected, not only by the properties of
cellulosic raw material, but also by conditions of thermal pretreatment. It was reported
that the highest yield of levoglucosenone (29% based on cellulose) was obtained by
pyrolysis of microcrystalline Munktell cellulose pretreated with 3.5% of phosphoric acid
at 100°C.
Pyrolysis combined with gas chromatography (Py-GC/MS) was applied by
Dobele et al.᧤2001᧥to study the composition of volatile products from pyrolysis of
several types commercial cellulose pretreated with varying concentrations of phosphoric
acid in various concentrations. The variations in the composition of the two main volatile
products, levoglucosan and levoglucosenone, were investigated, including their
dependence on the crystallinity, degree of polymerization of cellulose and conditions of
pretreatment with phosphoric acid e.g. pretreatment temperature. A narrow range of
75-78% of the amount of both 1,6-anhydrosaccharides regardless of the pretreatment
conditions of the celluloses were observed by pyrolysis of the pretreated celluloses.
Dobele et al. (2003) studied pretreatment of biomass with phosphoric acid prior
to fast pyrolysis. The influence of pretreatment parameters, including concentration of
phosphoric acid, its uptake by biomass, and drying temperature, upon the pyrolysis
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process of various cellulosic materials was determined. Based on the most effective
pretreatment tested, the highest amount of levoglucosan obtained from birch wood was
15% after impregnation with 0.5% phosphoric acid at 100°C for 1 h. The highest yield of
levoglucosenone obtained from birch wood was 17% after treatment with 2.5%
phosphoric acid at 100°C for 1 h.
Dobele et al. (2005) studied the effect of phosphoric acid and Fe3+ ions on the
levoglucosan and levoglucosenone content in volatile products obtained from cellulosic
materials by Py-GC/MS. He found that the ratio of levoglucosan/levoglucosenone was
affected by the concentration of the phosphoric acid with higher concentration leading to
the decrease of the levoglucosan/levoglucosenone ratio. Iron was introduced into the
biomass by soaking in Fe2(SO4)3 solution alone or in the presence of ammonium. A
previous decationization of wood was demonstrated to be important for the subsequent
results of Fe3+ ion treatment. It was reported that 44.8% levoglucosan was obtained from
pyrolysis of cellulose pretreated by the ion-exchange method and 27.3% levoglucosan
was obtained from pyrolysis of wood pretreated by the ion-exchange method.
Pyrolysis of cellulose was studied by Kwon et al. (2006) for practical production
of levoglucosan. Two methods were examined to minimize secondary degradation of
levoglucosan: conductive heating by glass bottle and radiation heating from the surface
by CO2 laser beam, both under vacuum and in a nitrogen atmosphere. It was reported that
glass-bottle pyrolysis under vacuum gave the highest levoglucosan yield of 50-55% in
the optimum temperature range of 350°C to 410°C.
Yang et al. (2006) investigated the role of the three main components (cellulose,
hemicellulose, and lignin) during pyrolysis by thermogravimetric analysis (TGA). The
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pyrolysis characteristics of the three components were studied by dividing the pyrolysis
process into four ranges according to the temperatures specified by each individual
component. The pyrolysis of the synthesized samples containing two or three of the
biomass main components indicated negligible interaction among the three components.
By using statistical methods, two sets of multiple linear-regression equations were
established for predicting the composition of biomass and the weight loss of biomass
during pyrolysis in TGA respectively. Yang et al. (2007) also applied TGA to determine
that the pyrolysis of hemicellulose and cellulose occurred first, with the weight loss of
hemicelluloses occurring mainly between 220°C and 315°C and that of cellulose at
315°C to 400°C. Lignin was found to be more difficult to decompose, with the weight
loss occurring in a wide temperature range (from 160°C to 900°C) and generating high
solid residue.
Four reference fuels and three low-lignin grasses were subjected to pyrolysis by
Fahmi et al. (2008). It was found that the mineral content, rather than lignin content,
influenced pyrolysis yields of organics, char and gases. It was shown that demineralizing
biomass improved oil quality and stability for high ash feedstocks.
The production of fermentable sugars from olive tree biomass was studied by
Cara et al. (2008) by application of dilute acid pretreatment and further saccharification
of the pretreated solid residues. Pretreatment was performed at sulfuric acid
concentrations of 0.2%, 0.6%, 1.0%, and 1.4% (w/w) with temperature in the range of
170°C -210°C. An overall sugar yield was calculated including sugars generated by
pretreatment and the glucose released by enzymatic hydrolysis. The highest sugar yield
(36.3g sugar/ 100g raw material) was obtained when pretreating olive tree biomass at
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180°C with 1% sulphuric acid concentration. This yield represented 75% of all sugars
present in the initial biomass.

2.1.3. Mechanism and Kinetics of Thermal Degradation of Cellulose and Cellulosic
Biomass
Cellulose is the most extensively used natural polymer. A large number of studies
have been published on its thermal decomposition and the application of the thermal
decomposition products. Oligosaccharides were first identified in the tar fraction of
polysaccharide pyrolysates by Tsuchiya and Sumi (1970). They were shown to be
non-reducing and to contain a variety of linkages and ring sizes (Lomax et al. 1990). Fast
pyrolysis of cellulose with a fluidized bed produced much larger amounts of oligomers,
particularly the disaccharide, which, in contrast to the products of slow pyrolysis,
consisted mainly of single isomers retaining the configuration of the glycosidic bond
(Radlein et al. 1987). This suggested that the oligomers are primary pyrolysis products
and not the result of resynthesis from levoglucosan as was proposed by Shafizadeh
(Lomax et al. 1990).
Lomax et al. (1990) investigated perm ethylated derivatives of material from
Curie-point pyrolysis of cellulose by using capillary gas chromatography and mass
spectrometry in an attempt to identify the major ring cleavage fragments and to
determine their structure. The main complete sugar peaks were identified as levoglucosan
and cellobiosan. The identity of the main oligosaccharide ion series produced from
in-source pyrolysis of cellulose was confirmed. It was found that the linkage structure of
the original polymer was retained and the oligosaccharides terminated in a
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1,6-anhydropyranose unit. The main additional ion series identified from in-source
pyrolysis was shown to be a ring cleavage fragment produced by reverse aldolisation of a
sugar unit, consisting of sugar units with an acetaldehyde fragment on the reducing
terminus.
A decrease in the degree of polymerization with negligible production of volatiles
occurs at moderate temperatures (below 250°C), whereas extensive degradation of
cellulose takes place at higher temperatures, with evolution of various gases and
high-boiling products (Soares et al. 1995). Two competitive pathways were proposed by
Radlein et al. (1991), Antal, M. J. et al. (1980), Arseneau, D. F. (1971), Kishore, K. et al.
(1982) and Bradbury, A. G. W. et al. (1979), for the process, as shown in Figure 2.1.

Figure 2.1 Two competitive pathways of degradation of cellulose (Soares et al. 1995)
Soares et al. showed that when the dehydration of cellulose prevailed, evolution
of CO2, H2O and CO with formation of solid char was mainly observed. If
depolymerisation prevailed, rather than dehydration, the bio-oil volatilization produced
mostly levoglucosan (Soares et al. 1995).
Soares et al. (1995) also studied the thermal decomposition of pure cellulose by
thermogravimetry, differential scanning calorimetry, thermal volatilization analysis and
characterization of the degradation products. By comparing the characteristics of thermal
degradation of pure cellulose and pulp paper, it was found that depolymerisation of the
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pure cellulose with production of levoglucosan took place at high heating rates and that
autocatalytic dehydration of the cellulose with char production predominated at low
heating rates.
Although over many years much investigation has been performed to identify the
chemical mechanisms underlying cellulosic pyrolytic decomposition these mechanisms
remain incompletely understood. It is necessary to understand all the factors which
promote product specificity and maximize yields. These factors include those physical
variables which define the reaction conditions as well as the influence of pretreatments
on the chemical state of the substrate.
An explanation for the formation of a lower molecular weight product
(hydroxyacetaldehyde) from pyrolysis of cellulosic biomass is widely accepted, as shown
in Figure 2.2. However, Richards and Zheng (1991) proposed that hydroxyacetaldehyde
formed directly from cellulose by the mechanism, as shown in Figure 2.3.
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Figure 2.2 Levoglucosan fragmentation mechanism (Shafizadeh 1980).

Figure 2.3 Hydroxyacetaldehyde formation (Richards and Zheng 1991).
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The kinetics of the subsequent chemical reactions involving the products of the
initial solid biomass pyrolysis was studied by Shin et al. (2001). Three primary
cellulose-derived pyrolysis products (5-hydroxymethyl furfural, levoglucosan, and
hydroxyacetaldehyde) were the feedstocks and kinetic studies of gas-phase pyrolysis
were performed. Kinetic models were developed and reaction rates and Arrhenius
parameters were presented based on the models.

2.1.4. Hydrolysis of Levoglucosan
Yu et al. (2003) investigated the acid hydrolysis of cellulosic bio-oil to glucose by
the hydrolysis with 0.2 mol sulfuric acid per liter pyrolysate at 121°C for 20 min. It was
found that 100% of levoglucosan in the pyrolysate was converted to glucose, which
indicated that other components in the pyrolysate might have a contribution to glucose
besides levoglucosan. The results also showed that the acid-hydrolyzed pyrolysate was a
suitable feedstock for ethanol production by fermentation.
Helle et al. (2007) investigated the kinetic model for hydrolysis of levoglucosan
and cellobiosan from pyrolysis oil to produce glucose under acidic conditions with
sulfuric acid as catalyst. For levoglucosan hydrolysis, it was found that the reaction rate
increased exponentially with increasing temperature from 90°C to 110°C and increasing
the acid concentration from 110 mM to 500 mM had approximately the same effect as
increasing the temperature from 90°C to 110°C. It was proposed that levoglucosan
hydrolysis to glucose followed a first-order reaction with an activation energy of 114
KJ/mol. It was also reported that 44% of the cellobiosan was hydrolyzed initially to form
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levoglucosan and glucose and the remaining cellobiosan was hydrolyzed initially to form
cellobiose. Both reactions were first order reactions based on cellobiosan with the
activation energy of 99 KJ/mol.

Figure 2.4 The acid-catalyzed hydrolysis of levoglucosan to glucose (Olson et al. 2007)

Olson et al. (2007) disclosed a process for producing glucose and other
fermentable sugars from a liquid mixture containing anhydrosugars. The process
wascomprised of three steps, including water extraction of an anhydrosugar-rich fast
pyrolysis bio-oil fraction, further purification of the obtained anhydrosugar-rich fraction
which yielded low fermentation inhibitor concentrations, and solid-phase catalytic
hydrolysis of the anhydrosugars to produce glucose and other fermentable sugars. It was
reported that the preferred and recyclable solid-phase acid catalyst system for this
application was a sulfonic acid-type resin or a Nafion resin under an operation
temperature range of 80°C to 125°C. It was found that when reaction time was increased
at 92°C, by slowing the pumping rate from 0.5 to 0.25 ml/min, levoglucosan conversion
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to glucose increased to 100%. A fermentability test with Saccharomyces demonstrated
that 90% of the glucose yielded in the hydrolyzed product was converted into ethanol.
Bacteria are not able to ferment anhydrosugars but ferment simple sugars to a variety of
useful products (Olson et al. 2007). Figure 2.4 shows a diagram of the acid-catalyzed
hydrolysis of levoglucosan to glucose.

2.2. Experimental

2.2.1. Materials
Commercially available 20 mesh southern yellow pine wood flour (American
Wood Fibers, Schofield, WI) was applied for this study. Three types of inorganic acids
were selected as treatment reagent. Phosphoric acid, A.C.S. certified, 85% (ACROS
Organics, New Jersey), sulfuric acid, extra pure, 96% (ACROS Organics, New Jersey),
and hydrochloric acid, A.C.S. certified, 37.7% (Fisher Scientific, New Jersey) were
diluted into the desired concentrations to pretreat the southern yellow pine wood flour
samples. Distilled water was applied to rinse the samples after treatments.

2.2.2. Biomass pretreatment
20 mesh southern yellow pine wood flour samples were pretreated in heated
phosphoric acid aqueous solution at three acid concentrations (0.5, 1, and 2 w.t. %); for
optimal acid concentration three pretreatment time period levels (1, 2 and 3 hours) were
tested for three temperature levels (60, 80 and 100°C). In order to make sure that wood
flour can be completely immersed into acid solution and also have sufficient contact
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space with acid catalysts, solid to solution weight ratio of 1 to 20 was selected for all
treatments. After the pretreatment, samples were washed with distilled water until pH=7
and then dried in the open air at room temperature for 72 h to 10% moisture content. A
control sample was prepared by washing raw southern yellow pine wood flour with the
same amount of distilled water as used for pretreated samples followed by drying as
previously discussed. The optimal pretreatment condition determined for the phosphoric
acid pretreatment was then applied for the sulfuric acid and hydrochloric acid
pretreatments for comparison to determine the best inorganic acid type for pretreatment
to produce increased anhydrosugars yield during fast pyrolysis.

2.2.3. Py-GC/MS analysis
Pretreated biomass and control samples were tested by Py-GC/MS to obtain
chemical products yield after pyrolysis. Pyrolysis of pretreated biomass and control
samples were performed in a CDS 5000 pyroprobe coupled with Claurus 500 Gas
Chromatography Mass Spectrometor (Py-GC/MS). The injector and the interface
temperature was 225oC and 270oC respectively. A 30-meter X 0.32 mm internal
diameter silica capillary column coated with 5% phenyl-methylpolysiloxane was used.
The mass spectrometer was operated at an 70 eV electron impact ionization mode. The
initial chromatography temperature was 40oC, with a temperature programming of
5oC/min increase to go up to 280 oC holding for 10 minutes. Runs were conducted at
varied heating rates, times and temperatures under a helium atmosphere to optimize
pyrolysis conditions, and Py-GC/MS reaction conditions were determined based on raw
pine wood flour pyrolysis without treatments. Samples were placed in a 2 mm internal
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diameter by 20 mm long quartz tube and pyrolysed in a pyroprobe containing a platinum
resistance heating coil.

2.2.4. Inductively coupled argon plasma spectrometry
Pretreated and control samples were analyzed by inductively coupled argon
plasma spectrometry (ICAPS) to test the dominant metal ion contents, including Ca, Mg,
P, K, Na, and Zn.

2.3. Results and Discussion
Py-GC/MS yields are reported in terms of area % from the GC spectrum. When
samples are placed into the pyroprobe of the Py-GC/MS and heated, three types of
products are formed, including volatiles, heavies, and chars. Heavies may coat out before
getting to the GC column. Test results indicated that the amounts of volatiles are small
compared to the total sample weight. Therefore, the area % of the volatiles reported here
will also be low compared to the total sample weight. Tentative identification of
pyrolysis products was performed by the EPA/NIST mass spectral database.

2.3.1. Pyrolysis temperature and time optimization results of pine wood flour
The raw pine wood flour pyrolysis experiments were performed with a limited
number of pyrolysis temperature and time treatment levels based on the decomposition
temperatures reviewed in the literature above. Wood thermal decomposition begins at
approximately 200°C with maximum mass loss at 350°C with slow heating rate. The
heating rate applied varied from 5°C/min to 10°C/min which were much slower than the
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heating rates applied in this study. The fastest practical heating rate has been given as
10°C/ms by Bridgewater (2000). This rate was selected as the heating rate for this study
because this study was indented to simulate fast pyrolysis. To insure that wood would
thermally decompose during pyrolysis, three temperature levels (400°C, 450°C, and
500°C) were chosen to optimize the pyrolysis temperature. Following selection of the
optimal pyrolysis temperature two residence times, 5 and 10s, were tested at this
temperature to determine the optimal residence time.
Figure 2.5 shows the product distribution information of the raw pine wood flour
at three different pyrolysis temperatures at a heating rate of 10°C/ms using Py-GC/MS
analysis techniques. The main volatile products from raw pine wood flour pyrolysis at
these three pyrolysis temperature were acetic acid, furfural, levoglucosenone,
2-methoxy-4-propyl-phenol, levoglucosan,

-D-Glucopyranoside, n-hexadecanoic acid

and other phenolic compounds and anhydrosugars (See Apendix A). For the mass spectra
and chemical structures of major products from fast pyrolysis of pine wood flour see
Appendix C. Referring again to Figure 2.5, some changes were observed in the product
distribution between the three pyrolysis temperatures. The production of low molecular
weight compounds such as acetic acid and furfural was higher at 400°C pyrolysis
temperature compared to the higher pyrolysis temperatures (450°C and 500°C). Acetic
acid and furfural are considered as inhibitors for sugar fermentation. Also from Figure
2.5, 500°C temperature produced higher yield of lignin-derived phenols and nhexadecanoic acid, with lower yield of anhydrosugars. Therefore, pyrolysis temperature
of 450°C was selected as the best of the three tested.
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Figures 2.6 shows the results for the 5 and 10s heating times tested at 450°C
temperature applied at the previously selected heating rate of 10°C/ms. There was no
obvious difference for the low molecular weight compounds yields between 5 and 10s
heating times, but an great increase in the yields of levoglucosenone, levoglucosan, and
-D-Glucopyranoside was observed when heating time increased from 5s to 10s. This
indicates that 5s heating time is not sufficient to fracture cellulose at the 450°C.
Therefore, the 10s heating time was selected as the best of those tested and the
temperature and time levels selected for the Py-GC/MS experiments were 450°C applied
at a rate of 10°C/ms.

2.3.2. Optimization of pretreatment of pine wood flour results
The main objective of this study was to determine the best conditions for the
wood pretreatment to increase the resulting anhydrosugars yield after fast pyrolysis.
Figures 2.7 and 2.8 show the product types and distributions given in GC area % for the
pyrolysis of pretreated pine wood flour at 450°C, a residence time of 10s and a heating
rate of 10°C/ms. Pine wood flour samples were pretreated with three different phosphoric
acid concentrations (0.5, 1, and 2 wt. %) at 100°C for 1 hour. Figure 2.7 shows that the
yield of levoglucosan increased from 11.6% to 20.5% when the phosphoric acid
concentration increased from 0.5% to 1% and only slightly increased from 20.5% to
20.92% when the phosphoric acid concentration increased from 1% to 2%. The yield of
levoglucosenone was slightly decreased as the phosphoric acid concentration increased
from 0.5% to 2% (Figure 2.7). The yield of furfural decreased slightly with higher acid
concentration and slight increase were observed for the yields of acetic acid,
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hexadecanoic acid, and 2-methoxy-4-propyl-phenol (Figure 2.8). Thus, phosphoric acid
pretreatment concentration of 1 wt. % was selected as the most efficient of the three
tested.
Figures 2.9 and 2.10 show the product types and distributions given in GC area %
for the pyrolysis of pretreated pine wood flour at 450°C, a residence time of 10s and a
heating rate of 10°C/ms. Pine wood flour samples were pretreated with 1% phosphoric
acid at 100°C for three different time levels (1, 2, and 3 hours). The yields of
levoglucosan and levoglucosenone slightly decreased when the treatment time increased
from 1 hour to three hours (Figure 2.9). Rather, increase in the formation of low
molecular weight compounds (furfural and acetic acid) and higher molecular weight
compounds (hexadecanoic acid and 2-methoxy-4-propyl-phenol) were observed (Figure
2.10). Thus, increasing treatment time changed the pyrolysis product distribution by
decreasing the formation of anhydrosugars and pretreatment time of 1 hour was selected
as the optimal of the three tested. Therefore, 1% of phosphoric acid, 100°C, and 1 hour of
pretreatment time was selected as the optimal pretreatment conditions for high
anhydrosugars yield from fast pyrolysis of pine wood flour. This optimal pretreatment
condition was also applied to sulfuric acid and hydrochloric acid pretreatment.
Figures 2.11 and 2.12 show the product types and distributions given in GC area%
for the pyrolysis of pretreated pine wood flour at 450°C, a residence time of 10s and a
heating rate of 10°C/ms. Pine wood flour samples were pretreated with 1% phosphoric
acid at three different temperatures (60, 80, and 100°C) for 1 hour. The yield of
levoglucosan greatly increased from 13.42% to 20.5% when the pretreatment
temperature increased from 60°C to 100 °C and only slightly changes were observed for
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the yields of levoglucosenone and

-D-Glucopyranoside (Figure 2.11). The yield of

furfural decreased with higher pretreatment temperature and no obvious changes were
observed

for

the

yields

of

acetic

acid,

hexadecanoic

acid,

and

2-methoxy-4-propyl-phenol. Thus, pretreatment temperature of 100°C was selected as
the best of the three tested (Figure 2.12).
Figure 2.13 shows the product types and distributions given in GC area% for the
pyrolysis of pine wood flour pretreated with three different acids (phosphoric acid,
sulfuric acid, and hydrochloric acid). Pine wood flour samples were pretreated by 1% of
three different acid solutions (phosphoric acid, sulfuric acid, and hydrochloric acid) at
100°C for 1 hour. Phosphoric acid pretreatment gave the highest yield of levoglucosan
(20.5 %) and lowest yields of acetic acid and 2-methoxy-4-propyl-phenol. In contrast to
phosphoric acid pretreatment, hydrochloric acid pretreatment gave the lowest yield of
levoglucosan (15.8 %) and highest yields of acetic acid and 2-methoxy-4-propyl-phenol
among the three different acid pretreatment. Sulfuric acid pretreatment gave
levoglucosan yield of 16.23%.

2.3.3. Minerals content test results and its affect on levoglusosan yield
Table 2.1 shows the mineral contents of control and phosphoric acid pretreated
pine wood flour. Pine wood flour samples were pretreated with 1% phosphoric acid at
three different temperatures (60, 80, and 100°C) for 1 hour. Table 2.2 shows the mineral
contents of control and phosphoric acid pretreated pine wood flour. Pine wood flour
samples were pretreated with three different phosphoric acid concentrations (0.5, 1, and 2
wt. %) at 100°C for 1 hour. Table 2.3 shows the mineral contents of control and
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phosphoric acid pretreated pine wood flour. Pine wood flour samples were pretreated
with 1% phosphoric acid at 100°C for three different time levels (1, 2, and 3 hours).
From Table 2.1, 2.2, 2.3, it was found that phosphoric acid pretreatment removed most of
the minerals content from raw pine wood flour. The minerals content, especially for
calcium, potassium, and magnesium, was greatly decreased after phosphoric acid
pretreatment.

Table 2.1 Mineral contents of control and pine wood flour pretreated under different
temperatures
ppm
Control
60 °C
80 °C
100 °C

Ca
544
65.35
32.055
32.845

K
106.65
81.8
54.15
35.48

Mg
130.35
4.2
3.2
3.325

Na
40.785
51.55
31.64
14.29

P
36.965
18.86
33.895
13.895

Table 2.2 Mineral contents of control and pine wood flour pretreated with different
phosphoric acid concentrations
ppm
Control
0.5%
1%
2%

Ca
544
39.97
32.845
28.275

K
106.65
69.4
35.48
34.685

Mg
130.35
3.635
3.325
1.735

Na
40.785
29.995
14.29
15.54

P
36.965
11.095
13.895
11.675

Table 2.3 Mineral contents of control and pine wood flour pretreated for different time
period levels
ppm
Control
1 hour
2 hours
3 hours

Ca
544
32.845
248.65
259.38

K
106.65
35.48
51.6
53.71

Mg
130.35
3.325
57.4
56.9
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Na
40.785
14.29
33.22
34.26

P
36.965
13.895
14.045
14.27

Figure 2.14 shows the relationship between levoglucosan yield from pyrolysis of
pretreated pine wood flour and minerals content of pretreated pine wood flour. Pine wood
flour samples were pretreated by 1% of three different acid solution (phosphoric acid,
sulfuric acid, and hydrochloric acid) at 100°C for 1 hour. It was found that pretreated
pine wood flour with lower minerals content gave higher levoglucosan yield after
pyrolysis. Figure 2.14 shows a negative relationship between levoglucosan yield and
minerals content of pretreated pine wood flour.

2.4. Conclusions
Past researchers determined that complete thermal decomposition of wood at the
low heating rates occurs at approximately 350°C. We chose 450°C to perform pyrolysis
of pine wood flour in order to insure the complete thermal decomposition of wood
components. A high heating rate of 10°C/ms was selected for this study in order to
simulate fast pyrolysis. We performed Py-GC/MS studies of fast pyrolysis of raw pine
wood flour to investigate the optimal pyrolysis condition for high yield of anhydrosugars
and low yields of acetic acid and furfural. It was found that the best temperature and time
levels of those tested for the Py-GC/MS experiments were 450°C applied at a rate of
10°C/ms. Py-GC/MS studies of pretreated pine wood flour were also performed to
investigate the optimal pretreatment condition for high yield of anhydrosugars. The
optimal pretreatment condition of pine wood flour for high yield of anhydrosugars was
determined for 1% phosphoric acid at 100 °C for 1 hour, which produced 20.5% of
levoglucosan. Inductively coupled argon plasma spectrometry (ICAPS) was used to test
the dominant metal ion contents of control and pretreated pine wood flour samples,
30

including Ca, Mg, P, K, Na. It was found that demineralization of pine wood flour by
mild acid pretreatment increased levoglucosan yield from 1.8% for untreated sample and
20.5% for pretreated sample. Pretreated pine wood flour with lower minerals content
gave higher levoglucosan yield after fast pyrolysis.
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Figure 2.5

Py-GC/MS products distributions from raw pine wood flour by spectral area
percentage for pyrolysis temperatures of 300, 450 and 500°C for a heating
rate of 10°C/ms for 10 s.

38

Area (%)

14
12
10
8
6
4
2
0

Figure 2.6

5s

10s

Py-GC/MS products distributions from raw pine wood flour by spectral area
percentage for pyrolysis temperatures of 450°C for a heating rate of
10°C/ms for 5 and 10 s.
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Figure 2.7

Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage for three different phosphoric acid
concentrations (0.5, 1, and 2 wt. %) at 100°C for 1 hour.
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Figure 2.8

Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage for three different phosphoric acid
concentrations (0.5, 1, and 2 wt. %) at 100°C for 1 hour.
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Figure 2.9

Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with 1% phosphoric acid at 100°C for three
different time levels (1, 2, and 3 hours).
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Figure 2.10 Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with 1% phosphoric acid at 100°C for three
different time levels (1, 2, and 3 hours).
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Figure 2.11 Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with 1% phosphoric acid at three different
temperatures (60, 80, and 100°C) for 1 hour.
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Figure 2.12 Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with 1% phosphoric acid at three different
temperatures (60, 80, and 100°C) for 1 hour.
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Figure 2.13 Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with three different inorganic acids
(phosphoric acid, sulfuric acid, and hydrochloric acid).
Pine wood flour samples were pretreated by 1% of three different acid solutions
(phosphoric acid, sulfuric acid, and hydrochloric acid) at 100°C for 1 hour.
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Figure 2.14 The relationship between levoglucosan yield from pyrolysis of pretreated
pine wood flour and minerals content of pretreated pine wood flour.
Pine wood flour samples were pretreated by 1% of three different acid solution
(phosphoric acid, sulfuric acid, and hydrochloric acid) at 100°C for 1 hour.
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CHAPTER III
EXPLORATORY STUDY OF ULTRASOUND ASSISTED DILUTE ACID
PRETREATMENT TO FURTHER INCREASE ANHYDROSUGARS
YIELD DURING FAST PYROLYSIS

3.1. Background
Application of ultrasound technology to achieve biomass cellular disintegration to
increase material surface area has been recently described in a thorough review of the
technology application to the food industry (Vilkhu et al. 2008). Cellular disintegration
resulting in size reduction combined with intraparticle diffusion was identified as the
mechanisms that allowed increased access by solvents, and/or catalysts, to the sonicated
cellular material. This increased access appears to be responsible for the increased rates
of chemical product extractions observed by practitioners. Researchers have employed
ultrasound to lignocellulosic biomass feedstocks to improve the extractability of
hemicellose (Ebringerova et al. 2002), cellulose (Pappas et al. 2002), and lignin (Sun et al.
2002; Fengel et al. 1984) or to produce cellulosic fiber from used paper (Scott et al. 1995;
Sell et al. 1995).
Toma et al. (2006) employed ultrasound to improve the enzymatic hydrolysis of
lignocellulosic materials in a two-stage process. First-stage sonication was applied to
increase biomass surface area through cellular disintegration to smaller particles with
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increased surface area. Second-stage ultrasound was then applied to the pretreated
biomass to increase hydrolysis rate during enzymatic treatment. Direct sonication at 20
kHz increased glucose yield by 93%.
A method comprising applying ultrasonic energy to a biomass to increase ethanol
production rates and yields has been disclosed by Kinley and Krohn (2005). This
invention employed the use of ultrasonic energy as a pretreatment step, either alone or in
combination with any conventional pretreatment methods. Following conventional
reduction of feedstock particle size by grinding the biomass water is added to produce
slurry that is then sonicated in a pretreatment process to produce further particle size
reduction and disaggregation of cellular structure. During this treatment a mild hydrolysis
of a portion of the cellulose and hemicellulose components is claimed by the inventers. A
second sonication is then applied to improve the typical acid-catalyzed hydrolysis
performed on biomass during ethanol production. This treatment employed acid at a
concentration necessary “to hydrolyze the hemicellulose fraction and decrystallize the
cellulose into an amorphous state.” Alternatively, the hydrolysis treatment was achieved
by enzyme catalysis also energized by sonication treatment described by the inventors
(Kinley and Krohn 2005). However, the inventors performed only limited experiments to
prove their process. Pretreatment of switchgrass slurry with only water added was
sonicated for 0, 5 and 15 min followed by ethanol production from the slurry by
simultaneous saccharification and fermentation or 7 days. Results showed that ethanol
efficiency increased from 11.6 to 24.4% for 5 min sonication treatment but declined to
22.8% for the 15 min sonication treatment. In a second experiment the inventors found
that 15 min of sonication of a pretreatment biomass slurry rendered cellulose about 21-24%
49

more digestible. Reduction to practice of inventor’s other conceived sonication
applications were not discussed.
No references to research performed to increase anhydrosugars yields via
sonication prior to fast pyrolysis were found.

3.2. Experimental

3.2.1. Materials
Matierials were the same as previously described in chapter II.

3.2.2. Biomass pretreatment
20 mesh southern yellow pine wood flour samples were pretreated in phosphoric
acid aqueous solutions in a sonicator (Hielscher-Ultrasound Technology, Germany) at
three acid concentrations (0, 0.5, and 1 w.t. %); for optimal acid concentration three
pretreatment time period levels (10, 20 and 30 minutes) were tested for three amplitude
levels (20, 60 and 100%). The solid to solution weight ratio of 1 to 20 was selected (the
same as in Chapter II) for all the ultrasound assisted dilute acid treatments. After the
pretreatment, samples were washed with distilled water until pH=7 and then dried in the
open air at room temperature for 72 h to 10% moisture content. Control sample was
prepared by the same method as described in chaper II.

3.2.3. Py-GC/MS analysis
Py-GC/MS analysis was performed as previously described in chapter II.
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3.2.4. Inductively coupled argon plasma spectrometry
ICP analysis was performed as previously described in chapter II.

3.2.5. Elemental analysis
Elemental analysis was conducted for carbon, hydrogen and oxygen content of
pretreated and control samples. The elemental analysis combustion process can directly
determine the amount of carbon, hydrogen, nitrogen. The amount of oxygen present was
calculated by deducting the amounts of hydrogen and carbon from the total amount. A
CE-440 Elemental Analyzer (Exeter Analytical Inc., Chelmsford, MA) was used in this
study. The samples to be analyzed were weighed into disposable tin capsules. The sample
was injected into a high temperature furnace and combusted in pure oxygen under static
conditions. At the end of the combustion period, a dynamic burst of oxygen was added to
ensure total combustion of all inorganic and organic substances. An initial exothermic
reaction occurred raising the temperature of combustion to over 1800°C.

3.2.6. X-ray diffraction analysis
X-ray diffraction spectrometry (XRD) characterized the crystallographic structure
of control and pretreated wood flour solid samples. XRD is a common method for
determining crystallinity in crystalline materials. An effect of the finite crystallite sizes is
seen as a broadening of the peaks in an X-ray diffraction.
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3.3. Results and Discussion
Py-GC/MS study was performed on the ultrasound assisted phosphoric acid
pretreated pine wood flour. 20 mesh southern yellow pine wood flour samples were
pretreated in phosphoric acid aqueous solutions in a sonicator (Hielscher-Ultrasound
Technology, Germany) at three acid concentrations (0, 0.5, and 1 w.t. %); for optimal acid
concentration three pretreatment time period levels (10, 20 and 30 minutes) were tested
for three amplitude levels (20, 60 and 100%). Py-GC/MS yields are reported in terms of
area % from the GC spectra. Tentative identification of pyrolysis products was done
using the EPA/NIST mass spectral database. Elemental analysis was conducted for
carbon, hydrogen and oxygen content of control and ultrasonic pretreated pine wood
flour samples. Inductively coupled argon plasma spectrometry (ICAPS) was used to test
the dominant metal ion contents of control and pretreated pine wood flour samples.
Finally, XRD spectrometry was applied to characterize the crystallographic structure of
control and selected pretreated wood flour solid samples.

3.3.1. Optimization of ultrasound assisted phosphoric acid pretreatment of pine
wood flour results
The main objective of this study was to determine the best conditions for the
ultrasound assisted phosphoric acid pretreatment of pine wood flour to increase the
efficiency of pretreatment. In traditional pretreatment methods, biomass is pretreated in
heated acid or basic solution. In this study, ultrasound was the energy input method
instead of the simple heating method.
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Figures 3.1 and 3.2 show the product types and distributions given in GC area%
for the pyrolysis of ultrasonically pretreated pine wood flour at 450°C, a residence time
of 10 s and a heating rate of 10°C/ms. Pine wood flour samples were pretreated with
three different phosphoric acid concentration levels (0, 0.5, and 1 wt. %) at 100%
ultrasonic amplitude for 30 minutes. The yield of levoglucosan greatly increased from
2.39% to 19.6% when the phosphoric acid concentration increased from 0% to 0.5% and
slightly increased from 19.6% to 21.7% as the phosphoric acid concentration increased
from 0.5% to 1% (Figure 3.1). No obvious change was observed for the yield of
-D-Glucopyranoside and a slight decreasing trend was observed for the yield of
levoglucosenone (Figure 3.1). Decreasing trends were observed for the yields of furfural
and 2-methoxy-4-propyl-phenol (Figure 3.1). It was indicated that 0.5% of phosphoric
acid concentration was sufficient to remove most of the minerals in the raw pine wood
flour because no appreciasble increase of levoglucosan yield was observed as the
phosphoric acid concentration increased from 0.5% to 1%. Therefore, 0.5% of phosphoric
acid concentration was selected as the optimal concentration of the three tested.
Figures 3.3 and 3.4 show the product types and distributions given in GC area%
for the pyrolysis of ultrasonic pretreated pine wood flour at 450°C, a residence time of 10
s and a heating rate of 10°C/ms. Pine wood flour samples were pretreated for three
pretreatment time period levels (10, 20, and 30 minutes) with 0.5% phosphoric acid at
100% ultrasonic amplitude. Figure 3.3 shows that the yield of levoglucosan increased in
an almost linear trend from 5.98% to 19.6% when the pretreatment time increased from
10 minutes to 30 minutes. No obvious changes were observed for the yields of
levoglucosenone and -D-Glucopyranoside as the pretreatment time increased from 10
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minutes to 30 minutes (Figure 3.3). Figure 3.4 shows that slightly decreasing trends were
observed for the yields of furfural and 2-methoxy-4-propyl-phenol and no obvious
changes were observed for the yields acetic acid and hexadecanoic acid as the
pretreatment time increased from 10 minutes to 30 minutes. Thus, pretreatment time of
30 minutes was selected as the best of the three tested.
Figures 3.5 and 3.6 show the product types and distributions given in GC area%
for the pyrolysis of ultrasonic pretreated pine wood flour at 450°C, a residence time of 10
s and a heating rate of 10°C/ms. Pine wood flour samples were pretreated in the sonicator
with 0.5% phosphoric acid at three different ultrasonic amplitude levels (20, 60, and
100%) for 30 minutes. The yield of levoglucosan increased from 2.31% to 19.6% when
the ultrasonic amplitude increased from 20% to 100% and slightly decreasing trend was
observed for the yield of levoglucosenone (Figure 3.5). Figure 3.6 also shows that an
increase in the formation of acetic acid (from 3.6% to 5.2%) and a decrease in the
formation of furfural and 2-methoxy-4-propyl-phenol were observed when the ultrasonic
amplitude increased from 20% to 100% (from 5.8% to 1.9% for furfural and from 4.0%
to 0.98% for 2-methoxy-4-propyl-phenol). Thus, increasing ultrasonic amplitude for
ultrasound assisted phosphoric acid pretreatment changed the pyrolysis product
distribution by increasing the formation of levoglucosan and ultrasonic amplitude of 100%
was selected as the optimal of the three tested. Therefore, 0.5% of phosphoric acid, 30
minutes, and 100% ultrasonic amplitude was selected as the optimal sonicated
pretreatment conditions for high anhydrosugars yield from fast pyrolysis of pine wood
flour.
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3.3.2. Comparing sonicated and non-sonicated results in terms of minerals content
and levoglucosan yields
Figure 3.7 shows the product types and distributions given in GC area% for the
pyrolysis of pine wood flour pretreated with three different methods. Two methods were
applied to compare sonicated and unsonicated optimal anhydrosugars production. A third
method was applied to compare the 1% phosphoric acid optimal unsonicated
pretreatment to a sonicated pretreatment with the same 1% acid application. Method 1
was pretreatment with 1% phosphoric acid at 100°C heated solution for 1 hour. Method 2
was pretreatment with 0.5% phosphoric acid at 100% ultrasonic amplitude for 30 minutes.
Method 3 was pretreatment with 1% phosphoric acid at 100% ultrasonic amplitude for 30
minutes. Among these three pretreatment methods, Method Three gave the highest
levoglucosan yield of 21.7%. However, Method Two gave levoglucosan yield of 19.6%,
comparable to method one giving levoglucosan yield of 20.5%. This indicates that
ultrasound assisted phosphoric acid pretreatment enhanced the pretreatment efficiency by
producing almost the same yield of levoglucosan from pyrolysis as simple phosphoric
acid pretreatment, using half percentage of phosphoric acid concentration and half of the
pretreatment time period. Figure 3.8 shows the minerals content of pine wood flour
pretreated by the three methods described above. Figure 3.8 again indicates a direct
negative relationship between levoglucosan yield and minerals content of pretreated pine
wood flour. Pretreated pine wood flour with lower minerals content gave higher
levoglucosan yield after pyrolysis.
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3.3.3. Elemental analysis and X-ray diffraction spectrometry analysis results
Three pine wood flour samples (control, sample pretreated with Method 1, and
sample pretreated with Method 3) were selected for elemental analysis. Table 3.1
summarizes the elemental analysis results of the selected samples. No appreciable
difference was observed for carbon, hydrogen, and oxygen contents of the three samples.
This indicated that no obvious changes in the chemical components (cellulose,
hemicelluloses, and lignin) of pine wood flour occur after dilute phosphoric acid
pretreatment except for minerals content.

Table 3.1 Elemental analysis results of control and pretreated pine wood flour samples
Sample name
Control
1 w.t. % phosphoric acid treatment
Ultrasound assisted 1 w.t. %
phosphoric acid treatment

Carbon
(%)
45.66
44.92

Hydrogen
(%)
5.81
5.96

Nitrogen
(%)
0.42
0.55

Oxygen
(%)
48.11
48.57

45.17

5.86

0.49

48.48

The same samples as those selected for elemental analysis were selected for XRD
spectrometry analysis. JADE Software calculated the crystallinity in percentage based on
the XRD spectra. Figure 3.9 shows that the crystallinity of the pine wood flour sample
pretreated by Method 1 was nearly the same as that of the control sample (43.7% for the
sample pretreated by Method 1, and 42.4% for the control). The crystallinity of the pine
wood flour sample pretreated by Method 3 increased to 60.2%, compared with the
crystallinity of the control sample of 42.4%. This indicated that ultrasonic pretreatment
breaks down some of the amorphous structure (hemicelluloses and a small part of
cellulose structure) of pine wood flour into smaller fragments, leaving the crystalline
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structure intact but exposed. The exposure of cellular structure clearly assisted in
increasing anhydrosugars production during fast pyrolysis.

3.4. Conclusions
In order to to increase the efficiency of pretreatment for high anhydrosugars yield
during fast pyrolysis, an ultrasonic technique was introduced into combination with
traditional dilute acid pretreatment. The optimal sonicated pretreatment conditions for
high anhydrosugars yield from fast pyrolysis of pine wood flour was 0.5% of phosphoric
acid, 30 minutes, and 100% ultrasonic amplitude. It was found that ultrasound assisted
phosphoric acid pretreatment produced the same yield of levoglucosan but required only
half of the phosphoric acid and pretreatment time required for simple mild acid
pretreatment. Minerals were proved to be inhibitors to the formation of pyrolytic
anhydrosugars. No obvious difference was observed for carbon, hydrogen, and oxygen
contents of pine wood flour after pretreatment, which indicated that no obvious changes
in the chemical components (cellulose, hemicelluloses, and lignin) of pine wood flour
occur after dilute phosphoric acid pretreatment except for minerals content. The efficacy
of dilute acid pretreatment was attempted by increasing access of acid catalyst to the
feedstock cellular structure by application of ultrasonic technique to increase the intensity
of acid/biomass interaction as well as to increase the initiate greater activity of the acid as
it interacts with the biomass material.
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Figure 3.1

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage with three different phosphoric
acid concentration levels (0, 0.5, and 1 wt. %) at 100% ultrasonic amplitude
for 30 minutes.

59

Area (%)

Acetic Acid

Furfural

hexadecanoic acid

2-methoxy-4-propyl-phenol

7
6
5
4
3
2
1
0
0

0.2

0.4

0.6

0.8

1

1.2

Phosphoric acid concentration (wt. %)
Figure 3.2

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage with three different phosphoric
acid concentration levels (0, 0.5, and 1 wt. %) at 100% ultrasonic amplitude
for 30 minutes.
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Figure 3.3

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage for three pretreatment time
period levels (10, 20 and 30 minutes) with 0.5% phosphoric acid at 100%
ultrasonic amplitude.
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Figure 3.4

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage for three pretreatment time
period levels (10, 20 and 30 minutes) with 0.5% phosphoric acid at 100%
ultrasonic amplitude.
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Figure 3.5

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage with 0.5% phosphoric acid at
three different ultrasonic amplitude levels (20, 60, and 100%) for 30
minutes.
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Figure 3.6

Py-GC/MS products distributions from pyrolysis of ultrasonic pretreated
pine wood flour by spectral area percentage with 0.5% phosphoric acid at
three different ultrasonic amplitude levels (20, 60, and 100%) for 30
minutes.
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Figure 3.7

Py-GC/MS products distributions from pyrolysis of pretreated pine wood
flour by spectral area percentage with three different pretreatment methods.

Method 1 was 1% phosphoric acid at 100°C heated solution for 1 hour. Method 2 was 0.5%
phosphoric acid at 100% ultrasonic amplitude for 30 minutes. Method 3 was 1%
phosphoric acid at 100% ultrasonic amplitude for 30 minutes.
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Minerals contents of pretreated pine wood flour with three different
pretreatment methods.

Method 1 was 1% phosphoric acid at 100°C heated solution for 1 hour. Method 2 was 0.5%
phosphoric acid at 100% ultrasonic amplitude for 30 minutes. Method 3 was 1%
phosphoric acid at 100% ultrasonic amplitude for 30 minutes.
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Comparison of crystallinity of control sample and two pretreated pine wood
flour samples.

Control sample was prepared by washing raw southern yellow pine wood flour with the
same amount of distilled water as used for pretreated samples and then dried in the open
air at room temperature for 72 h to 10% moisture content. Method 1 was 1% phosphoric
acid at 100°C heated solution for 1 hour. Method 3 was 1% phosphoric acid at 100%
ultrasonic amplitude for 30 minutes.
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APPENDIX A
PY-GC/MS CHROMATOGRAM OF RAW PINE WOOD FLOUR
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APPENDIX B
PY-GC/MS CHROMATOGRAM OF ULTRASOUND ASSISTED PHOSPHORIC ACID
PRETREATED PINE WOOD FLOUR
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APPENDIX C
MASS SPECTRA AND CHEMICAL STRUCTURE OF MAJOR PRODUCTS FROM
FAST PYROLYSIS OF DILUTE ACID PRETREATED PINE WOOD FLOUR
(LIBRARY SPECTRA AND SAMPLE SPECTRA)
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